We carry out spatially resolved spectral analysis with a physical scale of ∼10 pc in X-ray for the superbubble 30 Dor C, which has the largest diameter of ∼80 pc and the brightest non-thermal emission in superbubbles for the first time. We aim at investigating spatial variation of the physical properties of non-thermal emission as detected in some supernova remnants in order to study particle acceleration in a superbubble. We demonstrated that non-thermal components are detected in all the regions covering the entire field of 30 Dor C. The spectra in the west region of 30 Dor C can be described with a combination of the thermal and non-thermal components while the spectra in the east region can be fitted with the non-thermal component alone. The photon index and absorption corrected intensity in 2-10 keV of the non-thermal component show spatial variation from ∼2.0 to ∼3.7 and (4-130) × 10 −8 erg s −1 cm −2 str −1 , respectively, and the negative correlation between the non-thermal physical properties is observed. The temperature and normalization of the thermal component also vary within a range of ∼0.2-0.3 keV and ∼0.2-7 × 10 17 cm −5 str −1 , respectively, and the positive correlation between the photon index and the normalization is also detected. We revealed the correlations in a supperbubble for the first time as is the case in SNRs, which suggests the possibility that the same acceleration mechanism works also in the supperbubble.
INTRODUCTION
X-ray and TeV gamma-ray observations clarify that supernova remnants (SNRs) are the acceleration sites of the cosmic rays up to the TeV range (e.g., Koyama et al. 1995; Ackermann et al. 2013) . The accelerated electrons with such energies emit non-thermal X-ray emission via synchrotron radiation which is characterized by power-law energy distribution in an X-ray band. Thus, understanding of the non-thermal properties in X-ray is of great importance to study the nature of the accelerated electrons.
The diffusive shock acceleration mechanism (e.g., Zirakashvili & Ptuskin 2008 ) is believed to be a relevant mechanism, which can explain the power-law spectrum of the non-thermal X-ray emission. Recently, it is reported that several SNRs exhibit the spatial shape variations of the non-thermal X-ray spectra with a physical scale of ∼1-5 pc (e.g., Sano et al. 2015; Tsubone et al. 2017) . Several authors (e.g., Sano et al. 2015; Tsubone et al. 2017) suggest that the origin of the variations is due to the spatial difference of the cosmic-ray acceleration efficiency related to the surrounding interstellar gas distribution.
Superbubbles (SBs) are formed by combined phenomena of stellar winds from massive stars in OB associations and eventual supernovae (SNe) of those stars (e.g., Bruhweiler et al. 1980) . The morphology of hot gas in SBs is expected to be similar to that of a bubble blown by stellar winds of an isolated massive star (Weaver et al. 1977) . The kinetic energy in some of SBs exceed that in a supernova (E K ∼ 10 51 erg). SBs are filled with hot gas (∼10 6 K) heated by stellar wind and SN ejecta. Non-thermal X-ray emission has been detected from a number of Galactic and extragalactic SBs, such as RCW38 (Wolk et al. 2002) , Westerlund 1 (Muno et al. 2006) , IC 131 (Tüllmann et al. 2009 ), N11 (Maddox et al. 2009 ), N51D (Cooper et al. 2004) , and 30 Dor C (Bamba et al. 2004; Yamaguchi et al. 2009; Kavanagh et al. 2015) , which suggests a potential accelerating power exceeding an SNR, even though the detection of the non-therrmal emission in N11 and N51D is now doubtful due to the fluctuation of background point sources (Yamaguchi et al. 2010 ). However, very few studies have been performed to investigate the spatial variation of the non-thermal X-ray emission in the SBs and thus the cosmic-ray acceleration mechanism in the SBs has yet to be elucidated fully. The SB, 30 Dor C, in Large Magellanic Cloud (LMC) was discovered by Le Marne (1968) . It is believed that 30 Dor C has formed via stellar winds of the LH90 OB association (Testor et al. 1993 ) and several SNe. The SB has the strongest non-thermal X-ray emission among SBs and a large diameter of ∼80 pc. Thus, it is one of ideal laboratories for studying the non-thermal emission mechanisms associated with a SB. The SB includes not only the non-thermal emission but also the thermal emission from the shock-heated interstellar medium (e.g., Bamba et al. 2004; Yamaguchi et al. 2009; Kavanagh et al. 2015) . Therefore, comparing the spatial distribution of the non-thermal and thermal emissions can provide us with hints to reveal association between the acceleration efficiency and the environment potentially. In this paper, we aim at investigating spatial variation of the physical properties in 30 Dor C with an unprecedented high resolution of ∼10 pc.
The paper is organized as follows: section 2 presents the observations of 30 Dor C with XM M − newton and the data reduction, and sections 3 and 4 describe our analysis method and the results, and the discussions on the spatial variation of the physical properties, respectively. In section 5, we summarize our results and discussions. At 30 Dor C assuming a distance of ∼50 kpc to the LMC, 1 ′ corresponds to 15 pc. In this paper, we used HEAsoft v6.21, XSPEC version 12.9, the XM M − N ewton Source Analysis Software (XMM-SAS) packaged in SAS 15.0.0 for our spectral analysis and a metal-abundance table tabulated in Anders & Grevesse (1989) . Unless otherwise stated, the error ranges show the 90% confidence level from the center value.
OBSERVATION AND DATA REDUCTION
We, first, retrieved all of the data available for 30 Dor C in the XM M − N ewton Science Archive, and then selected the data taken from the pn instrument in European Photon Image Camera (EPIC, Jansen et al. 2001 ) with rich (>50 ks) net exposure time after the removal of the background flare periods to take advantage of the larger effective area than those of the EPIC-MOS instrument and avoid the systematic error between the detectors.
The basic information of the observations is shown in Table 1 . We generated calibrated event files with the SAS tools epchain. Time intervals with high background rates (> 0.4 cts) seen in light curves of an off-source region in , and 2-7 keV (blue), respectively. Spectra were extracted from the square regions (∼0. ′ 7 × 0. ′ 7) with a region number. One-(non-thermal), two-(one-temperature and non-thermal), and three-component (two-temperature and non-thermal) models are finally adopted in magenta-, green-, and red-color box regions. The background spectrum was extracted from the yellow rectangle.
10-12 keV were discarded in each observation. The event lists were then filtered further, keeping only 0-4 patterns in an energy range of 0.4-12 keV.
ANALYSIS AND RESULTS
In order to conduct spatially detailed X-ray spectral analysis for 30 Dor C, spectrum for each region is extracted from all the seven data and the extracted spectra are fitted simultaneously to reduce the statistical error. Each spectrum is rebinned to have at least 25 counts per an energy bin to allow the use of the χ 2 -statistic. The energy range in 0.5-7 keV was used in our analysis to avoid detector noise and the EPIC-pn fluorescence line forest just above 7 keV. The SAS tasks rmfgen and arfgen were utilized to create redistributed matrix files (RMF) and ancillary response files (ARF) respectively.
X-ray Background Evaluation
Firstly, we selected a source-free area in the vicinity of 30 Dor C to reduce spatial variation of the detector noise in the field of view shown in figure 1 as a background region. Then, we conducted spectral analysis to confirm whether the region is suitable or not as a background region. In order to create quiescent particle background (QPB) spectra, we used XM M − N ewton Extended Source Analysis Software (XMM-ESAS), packaged in SAS 15.0.0. The QPB spectra were subtracted from the spectrum of each region in each observation.
For our spectral analysis, we used the following phyically motivated model:
The X-ray background emission is comprised of three components (e.g., Yoshino et al. 2009 ), such as an unabsorbed thermal (kT ∼0.1 keV) emission from the Local Hot Bubble (LHB), an absorbed thermal (kT ∼0.2-0.3 keV) emission from the Galactic halo (GH), and an absorbed powerlaw (Γ = 1.4, see Kushino et al. 2002) which is known as cosmic X-ray background (CXB). We used collisionally-ionized optically-thin thermal plasma model APEC (Smith et al. 2001) for the LHB and GH in XSPEC. The metal abundance of these models is fixed to a solar abundance. Because the temperature of the LHB component was not constrained well, the temperature is fixed to be a typical value of 0.1 keV (Yoshino et al. 2009 ). The absorption by our Galaxy and the LMC was also taken into account. We used a photo-electric absorption model in XSPEC, namely phabs, as the Galactic absorption model. The column density N H was fixed at 6 × 10 20 cm −2 (Dickey & Lockman 1990) in the direction of 30 Dor C, assuming the solar abundance. The absorption by the LMC is modeled with vphabs, in which we can set each metal abundance separately. The metal abundance was fixed to the representative LMC values (C=0.30 Z ⊙ , O=0.26 Z ⊙ , Ne=0.33 Z ⊙ , Russell & Dopita 1992; Someya et al. 2014) , while the absorption column density is set to be free. The background spectrum, however, can not be described with the model above and there is a significant residual feature around ∼1 keV corresponding to emission lines from complex Fe L. We hence added another thermal component, apec LMC , with a different temperature as follows:
The fitting results improved significantly and the spectrum with the best-fit model is shown in figure 2 . The best-fit parameters are summarized in Table 2 . The plasma temperature of the added thermal component is consistent with that of the ISM in the LMC (e.g., Sasaki et al. 2002) . The 2-10 keV surface brightness of the power-law component was 
a Fixed to the Galactic column density from the HI maps (Dickey & Lockman 1990 ). The unit is 10 22 cm −2 .
b Fixed to the representative LMC values (Russell & Dopita 1992; Someya et al. 2014) .
c Fixed to a solar abundance table tabulated in Anders & Grevesse (1989) .
d Fixed to the value derived from Yoshino et al. (2009) .
e Normalization of the apec model divided by a solid angle Ω.
2 ] in unit of 10 14 cm 5 str −1 , where, z, ne, nH, DA, and V are the redshift, the electron and hydrogen number densities (cm −3 ), the angular diameter distance (cm) and the emission volume (cm 3 ), respectively.
f Fixed to an averaged value derived in Kushino et al. (2002) .
g The unit is 10 −8 erg s (6.0±1.3)×10 −8 erg s −1 cm −2 str −1 and the value is in good agreement with the expected CXB intensity (Kushino et al. 2002) . We confirmed that the best fit parameters are consistent with those obtained in each observation and thus all the spectra were fitted simultaneously to reduce the statistical error. Any further components such as a soft proton model are not required. Thus, we concluded that the region and model are appropriate to evaluate the X-ray background components including the ISM of the LMC in our analysis.
!" Figure 3 . Examples of the spectra with the best-fit non-thermal-, two-, and three-, component models. (1) non-thermalcomponent model for the spectrum in region 52. (2) two-component model for the spectrum in region 13. (3) three-component model for the spectrum in region 1. The magenta solid, blue dashed-dotted and orange dotted lines show non-thermal, lowtemperature and high-temperature components, respectively. The spectra are extracted from obsid 0601200101.
Spectral Analysis for the 30 Dor C Field
In order to investigate spatial variation of the non-thermal X-ray emission in 30 Dor C, we divided the 30 Dor C region into 70 regions of 10 pc × 10 pc (0.
′ 7 × 0. ′ 7) grids in unprecedented detail. The region number is shown in figure 1 . In our spectral analysis, the background spectrum defined in §3.1 was subtracted from each region in each observation.
As indicated in previous studies (e.g., Bamba et al. 2004; Yamaguchi et al. 2009; Kavanagh et al. 2015) , not only non-thermal emission but also thermal emission is sometimes required at the same time to explain the observed spectra. Actually, some spectra show significant enhancement around 0.6 and/or 1 keV corresponding to emission lines of highly-ionized oxygen / Fe L-shell complex, respectively. We attempted to apply three models in the following order, (1) non-thermal model, (2) two-component (non-thermal and one-temperature thermal) model, and (3) threecomponent (non-thermal and two-temperature thermal) model. For regions where the fit significantly (≥ 99% in an F test) improved by adding an additional thermal component, we adopted the two-or three-component model. A collisionally-ionized optically-thin thermal plasma model, APEC, was used also for the thermal plasma in the regions except a young SNR, MCSNR J0536-6913, associated with 30 Dor (see the region number 25 in figure 1 ). The metal abundance of the low-/ high-temperature plasmas mainly emitting oxygen / Fe L-shell lines is fixed to those reported in Yamaguchi et al. (2009) / Russell & Dopita (1992) . The intrinsic absorption column density in the LMC is applied for the both plasmas and linked to that of the non-thermal model. The only spectrum around MCSNR J0536-6913 was well expressed with a combination of the non-thermal and non-equilibrium ionization collisional plasma models due to a heavy contamination from the SNR as shown in Kavanagh et al. (2015) and thus we removed the results in our discussion.
Most of the spectra in the east region can be well described with the two-or three-component model, whereas most of the spectra in the west region can be well fitted with the non-thermal-component model as shown in Figure 1 . Figure 3 shows examples of the spectra with the best-fit non-thermal-, two-, and three-component models. We investigated the photon index and intensity of the non-thermal component, the temperature and intensity of the thermal component, and the intrinsic absorption column density of the LMC. The best-fit parameters in the best fit model are summarized in Table 3 .
Figures 4 (a) and (b) show the distributions of the photon index and absorption corrected 2-10 keV intensity of the non-thermal component, respectively. It is found for the first time that the non-thermal component is detected significantly in all the 70 regions covering the entire region of 30 Dor C. Their typical relative error is ∼8%. The photon index shows spatial variation of ∼2.0-3.7. The areas with the relatively steep / flat photon indices are distributed in the east / west regions, respectively. Even though this sort of high spatial resolution spectral analysis had not been performed so far, the trend is consistent with the previous studies (e.g., Kavanagh et al. 2015) . The intensity in 2-10 keV significantly varies by more than an order of magnitude (∼4-130 × 10 −8 erg s −1 cm −2 str −1 ) in the field and is relatively large in the west region of the shell structure. Their typical relative error is ∼15%.
The temperature and normalization of the thermal component mainly emitting oxygen lines vary from ∼0.2 to ∼0.3 keV and from ∼0.2 to ∼7 [10 17 cm −5 str −1 ], respectively. Because the low-temperature thermal plasma is not detected in the source-free region of the vicinity of 30 Dor C and the morphology apparently forms a shell-like structure as shown in figure 1 , the plasma may be associated with 30 Dor C. Such low-temperature plasma with a temperature of ∼0.1-0.3 keV is found also in other SBs (e.g., Dunne et al. 2001; Yamaguchi et al. 2010 ) and detected mainly in the east region as previously reported in Bamba et al. (2004) ; Yamaguchi et al. (2009) ; Kavanagh et al. (2015) . The temperature and normalization of the thermal component mainly emitting Fe L-shell lines vary from ∼0.9 to ∼1.2 keV and from ∼0.1 to ∼0.2 [10 17 cm −5 str −1 ], respectively. The temperature is consistent with that of the observed in the source-free region within the statistical error. According to the results of Sasaki et al. (2002) , the flux of ISM in LMC varies by more than twice depending on the regions. The normalization of the high-temperature components is consistent with that of the observed in background spectra within the variation. While the results suggest that the high-temperature plasma may be due to the spatial variation of the ISM in the LMC, the origin of the component is beyond our scope. We confirmed that the uncertainty, e.g., in the metal abundance, does not affect our results for the non-thermal component significantly.
The intrinsic absorbing column density N H of the LMC ranges from ∼0.3 to ∼2 × 10 22 cm −2 and a typical relative error is ∼15 %. The intrinsic absorption in the east area of 30 Dor C seems to be relatively small (∼0.6 × 10 22 cm −2 ) while large (∼1 × 10 22 cm −2 ) in the west of the shell-like structure. We confirmed that our representative results for our spectral analysis on the temperature of the thermal components, photon index of the non-thermal components, and intrinsic absorbing column density in the LMC are consistent with those of the previous studies (e.g., Bamba et al. 2004; Smith & Wang 2004; Yamaguchi et al. 2009; Kavanagh et al. 2015) .
DISCUSSION
We conducted the spatially resolved spectral analysis of 30 Dor C with a physical scale of ∼10 pc in X-ray for the first time. We revealed that the non-thermal emission exists in all the regions covering the whole area of 30 Dor C and extracted the distribution of the physical properties such as the photon index and absorption-corrected intensity of the non-thermal component. We found that the spectral shape changes and therefore the physical properties vary in this field. In this section, we discussed, in particular, the origin of the spatial variation of the non-thermal X-ray properties to study the mechanism of cosmic-ray acceleration in SBs.
Some SNRs also show spatial variation of the photon index and intensity of the non-thermal component (e.g., Sano et al. 2015; Tsubone et al. 2017) . In particular, pc-scale spatially resolved spectral analysis reveals that the photon index closely correlates with the synchrotron X-ray intensity (e.g., Sano et al. 2015) . Thus, we also extracted the relation between the photon index and the synchrotron X-ray intensity in the same manner as shown in figure  5(a) . There is a clear negative correlation with a correlation coefficient of ∼-0.5. One of the interpretations is due to a shock-cloud interaction. Magnetohydrodynamic numerical simulations in Inoue et al. (2012) predict that such spatial variation can be produced by the shock-cloud interaction because the synchrotron X-ray intensity is positively correlated with the strength of the enhanced magnetic field due to the turbulence occurred in the interaction. The photon index also can be changed by the enhanced magnetic field since the particle acceleration occurs efficiently. Therefore, it is naturally expected that the photon index gets flatter with increasing the synchrotron X-ray intensity.
According to the scenario, the larger the photon index is, the smaller the cut-off energy in the energy distribution of electrons should be. When we applied a broken power-law model instead of the power-law model for the non-thermal X-ray emission, however, no constraint was given to the breaking energy with the X-ray spectra alone. The correlation between the photon index and the cut-off energy has been observed in some SNRs when X-ray synchrotron spectra are analyzed using the SRCUT model (Reynolds 1998; Reynolds & Keohane 1999 ) combined with radio synchrotron spectra (Rothenflug et al. 2004; Bamba et al. 2005a,b) . The spatially-resolved flux and spectral index of the radio synchrotron emission of 30 Dor C have been obtained in Kavanagh et al. (2015) , but as the authors say it is difficult to obtain their reliable values for the entire region of 30 Dor C due to the contaminations of a foreground molecular cloud and of thermal radio emission. This situation prevents us from analyzing the multi-wavelength spectra from radio to X-ray. The analysis of the spatially-resolved spectral energy distribution is left to future works. Sano et al. (2017) presents the molecular cloud distribution around 30 Dor C and it seems that there is a positive correlation between the synchrotron X-ray intensity and the amount of the molecular cloud. The detailed comparison between X-ray and radio observations will be discussed (Yamane et al. in prep.) . Tsubone et al. (2017) argues that efficient acceleration occurs in the low density environment implying that the photon index steepens with increasing the normalization of the thermal component observationally based on the pcscale spectral analysis results. Thus, we also extracted the relation as shown in figure 5(b) . One can see a positive correlation with a correlation coefficient of ∼0.4 and thus similarities for SNRs are found in terms of the correlations between the non-thermal properties themselves and the non-thermal and thermal properties, which suggests the possibility that the same acceleration mechanism works also in the supperbubble.
The bright non-thermal X-ray emission in 30 Dor C was detected. However, no other SBs exhibit such a bright non-thermal emission. The SBs, where non-thermal X-ray emission has been significantly detected, are only RCW38 e This region is excluded in our analysis and discussion due to a heavy contamination from a young SNR MCSNR J0536-6913 described well with a combination of non-thermal and NEI models. (Wolk et al. 2002) , Westerlund 1 (Muno et al. 2006 ) and IC 131 (Tüllmann et al. 2009 ). This sort of variation is observed also in SNRs and Nakamura et al. (2012) discussed the time evolution of the non-thermal component as a function of the radius which can be an indicator of the dynamical age of the SNR as described in Weaver et al. (1977) .
As an analogy of the SNR case, we also investigated the relation between the non-thermal luminosity and the radius of the SBs as shown in figure 6 . The non-thermal luminosity goes up with increasing the radius up to ∼40 pc, whereas it then appears to be decreases. 30 Dor C is located around the peak, which suggests that the system is currently on a phase of high energy particle acceleration.
SUMMARY
We conducted a detailed spatial analysis using the large amount of XM M − N ewton archival data for 30 Dor C to study spatial variation of mainly the non-thermal component. The 30 Dor C field was divided into 70 regions with a physical scale of ∼10 pc and we found for the first time that the non-thermal emission exists in all the regions covering the whole field of 30 Dor C. The extracted spectra in the east region can be described well with a combination of the thermal and non-thermal models, whereas the spectra in the west region can be well fitted with the non-thermal model alone. The photon index and intensity in 2-10 keV indicate the spatial variation of ∼2.0-3.7 and ∼(4-130) × 10 −8 erg s −1 cm −2 str −1 ) in the field and the negative correlation between the non-thermal physical properties is observed. The temperature and normalization of the thermal component also vary within a range of ∼0.2-0.3 keV and ∼0.2-7 × 10 17 cm −5 str −1 , respectively. The positive correlation between the photon index and the normalization of the thermal component is also observed as is the case in SNRs, suggesting that the same acceleration mechanism dominates also in the supperbubble.
